In this work, we fabricated a sensitive electrochemical sensor based on a PEDT-Au/reduced graphene oxide nanocomposites (PEDT-Au/rGO) modified glassy carbon electrode (PEDT-Au/rGO/GCE) for electrochemical determination of morin. A facile, effective and high-efficiency one-pot method was employed to synthesize the PEDT-Au/rGO nanocomposites. The morphology and structure of asprepared PEDT-Au/rGO nanocomposites were characterized by using a scanning electron microscope (SEM), transmission electron microscope (TEM) and X-ray spectroscopy (EDS), and its electrochemical characteristics were studied by EIS, CV and SWV. The PEDT-Au/rGO nanocomposites modified electrode exhibited excellent catalytic activities for morin oxidation, which was attributed to the synergistic catalytic effect that occurred at the interface of PEDT-Au and rGO layers. The effects of square wave voltammetry (SWV) parameters, accumulation time, accumulation potential and pH of the supporting electrolyte for morin were optimized. At the optimal experimental conditions, the PEDTAu/rGO/GCE presented a high sensitivity of 0.0083 mmol dm À3 and a wide linear range from 1 to 150 mmol dm À3 toward morin oxidation with satisfactory selectivity and stability.
Introduction
Morin hydrate, 2 0 ,3,4 0 ,5,7-pentahydroxyavone, as one of the natural avonoids is commonly contained in plants, fruits and vegetables. 1 It has been reported that morin plays an important role in protecting human erythrocyte, 2 anti-inammatory, 3, 4 anti-virus, 5, 6 anti-atherosclerosis, 2, 4 anti-stress function antioxidant properties as well as antioxidant capacity. [7] [8] [9] [10] Besides, the content of morin in fruit juices has been found to be 3-13 mg dm À3 . 1 Morin at 200 mg kg À1 showed the protection from nephrotoxicity caused by mercuric chloride. 3 Since morin possesses various positive effects, the determination of morin has attracted enormous attention in recent years. Several techniques such as high performance liquid chromatography (HPLC), [11] [12] [13] nuclear magnetic resonance spectrometry (NMR), 14 uorescence spectrophotometry, 11 ultraviolet spectrophotometry, 15 and electrochemical measurements, 5, 8, 16 offer available approaches for determination of morin. However, these reported chromatographic and spectroscopic analyses are usually high cost of equipment, time-consuming of operation and require complicated working conditions. By contrast, electrochemical methods exhibit distinguished advantages including low experimental cost, fast respond time and simple equipment. 1, 6, 17 Therefore, there was an increasing interest for morin determination using electrochemical methods based on different modied electrodes, such as graphene oxide/silver nanoparticles modied GCE, 1 cetylpyridium bromide/singlewalled carbon nanotubes modied GCE, 16 renewable pencil electrode, 18 hanging mercury dropping electrode, 19 and ruthenium nanoparticle anchored calix [4] amidocrown-5 functionalized reduced graphene oxide modied GCE (RuNPs/C4A5/ rGO/GCE).
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Graphene-based composites have been considered as promising and potential candidates for the electrochemical applications owing to its advantages including high specic surface area, superior thermal, excellent biocompatibility and electrical conductivity. [21] [22] [23] [24] [25] It was reported that graphene composited with polymers, [26] [27] [28] noble metal, 21, 29 and metal oxide nanoparticles exhibited much more superior comprehensive properties and broader application prospects compared to graphene. [30] [31] [32] Moreover, PEDT was known as an admirable conductive polymer with widely applications in many elds, such as sensors, capacitors, solar battery and electrochromic devices, because of its superior electrical conductivity and high electrochemical stability.
properties of EDT monomers, PEDT-Au composites can be chemically synthesized. The prepared PEDT-Au composites achieved remarkable electrochemical performances, 37 since the composites possessed both the prominent electron transfer property of PEDT and distinguished conductivity of Au nanoparticles.
In this work, a morin electrochemical sensor based on PEDT-Au/rGO nanocomposites modied bare GCE was developed successfully. Compared to the morin sensors reported in previous literature, the prepared morin electrochemical sensor is probably more attracted and prospective for the following reasons. First, the electrode modied materials (PEDT-Au/rGO) were facilely prepared via the one-pot method, which possessed the advantages of simplicity, high efficiency and cost effectiveness. For another, as the sensor materials, the graphene-based ternary composites (PEDT-Au/rGO) commendably combined the advantages of PEDT, Au nanoparticles and rGO, therefore, the obtained sensor exhibited excellent electrocatalytic activity toward morin oxidation. Finally, the experimental conditions (SWV parameters, accumulation time and accumulation potential, and solution pH) for the analytical performance of the morin sensor were optimized, thus, the sensor showed good stability and good performance of sensitivity. Moreover, the proposed electrochemical sensor shows a low detection limit and a wide detection linear range, and is also available for the morin determination in real practice.
Experimental

Reagents and materials
Morin (90% purity) was purchased from J&K Chemicals (Beijing, China solution (1.0 mM) was prepared by dissolving in doubly distilled water quickly and kept at 277 K. All aqueous solutions in the experiment were prepared using doubly distilled water.
Synthesis of PEDT-Au/rGO nanocomposites
The synthesis of PEDT-Au/rGO nanocomposites was carried out on the basis of the Soomro's group and Xu's group with improvements. 37, 40 Firstly, graphene oxide (GO) dispersion (5 mg mL À1 ) was prepared based on the modied Hummer's method. 41 10 mL of EDT ethanol solution (5.0 mM) was mixed with 50 mL of HAuCl 4 solution (1.0 mM) under magnetic stirring at room temperature for 8 h to obtain PEDT-Au composites. Then, the GO dispersion was slowly dropped into the mixture solution. The mixture was sonicated for 2 h to obtain homogeneously dispersed suspension, and then 5 mL NaBH 4 solution (0.16 M) was added to the suspension drop by drop. The reaction system was kept rapidly magnetic stirring for 6 h, and then centrifuged at 8000 rpm for 10 min. Finally the nanocomposites were washed with doubly distilled water and absolute alcohol three times respectively, thus obtaining PEDTAu/rGO nanocomposites. The obtained mixture was dispersed into 50 mL doubly distilled water and sonicated for 30 min for later use. Pure rGO and PEDT-Au samples were synthesis by similar method for comparison.
Fabrication of bare GCE and PEDT-Au/rGO/GCE
Prior to modication, a bare glassy carbon electrode (GCE, 3 mm in diameter) was initially polished with 0.3 and 0.05 mm alumina powder, and then washed ultrasonically with absolute alcohol and doubly distilled water in sequence for 1 minute to obtain a mirror-like surface. For the fabrication of the modied electrode based on PEDT-Au/rGO nanocomposites, 8 mL of the obtain mixture (PEDT-Au/rGO nanocomposites) was dropped onto the electrode surface and dried under infrared lamp. The rGO/GCE and PEDT-Au/GCE were prepared under the same conditions.
Apparatus and method
Voltammetric measurements were conducted on a CHI660E electrochemical workstation (Chenhua, Shanghai, China). Electrochemical impedance spectroscopy (EIS) was performed on a Princeton electrochemical workstation (PARSTAT 2273, USA). The three-electrode system consisted of working GCE (a bare GCE or a modied GCE), a saturated calomel electrode (SCE) as reference electrode and a platinum wire auxiliary electrode used in all electrochemical experiments. A scanning electron microscope (SEM, JSM-6701F, Japan), transmission electron microscope (TEM, FEI Tecnai F20, Germany) and X-ray spectroscopy (EDS, OXFORD 7421, England) were applied to characterize the surface morphology of the PEDT-Au/rGO/GCE. The pH values were monitored using a pH meter PHS-3C (Precision scientic instruments co., Ltd., Shanghai, China).
For cyclic voltammetry (CV) experiments, scan rate was 50 mV s À1 , sample interval was 0.001 V. EIS was obtained in
3À/4À solution containing 0.1 mmol dm À3 of KCl with a frequency range from 100 MHz to 100 kHz at an amplitude of 50 mV under open circuit potential. The square wave voltammetry (SWV) method, inhibiting the background currents availably, was considered to be a highly sensitive technique with a relatively lower detection limit aer optimization of SWV parameters. 40, [42] [43] [44] [45] The SWV parameters such as frequency, pulse amplitude and scan increment will be of great importance for the electrochemical signal. Thus, the effects of these parameters toward the oxidation peak current of 100 mmol dm À3 morin were investigated in BR buffer solution (pH ¼ 6.0).
Results and discussion
Characterization of the PEDT-Au/rGO nanocomposites modied glassy carbon electrode
The morphology of the surface of the PEDT-Au/rGO/GCE was characterized by SEM and TEM. As showed in Fig. 1A , PEDT-Au/ rGO/GCE displayed uniform morphology. As observed in TEM image (Fig. 1C) , Au nanoparticles were well dispersed on the surface of rGO layers. The compact structure has been investigated and would be of great signicance to promote the electrocatalytic activity for morin determination. 37, 40 The EDS spectrum showed that the PEDT-Au/rGO nanocomposites contained C, O and Au elements and provided a conrmation of the existence of Au nanoparticles on the modied electrode surface. Further HRTEM image (Fig. 1D) analysis indicated lattice fringes with a lattice spacing of 0.24 nm, which was closed to the interfringe distance of the [1 1 1] plane of the Au crystal.
In order to investigate the electron transfer capability between different electrode surface and electrolyte solution, the EIS measurement of GCE (a), rGO/GCE (b), PEDT-Au/GCE (c) and
which was showed in Fig. 2 . In particular, the semicircle diameter at higher frequencies and linear portion at lower frequencies correspond to the charge transfer resistance (R ct ) and the diffusion process, respectively. The equivalent electrical circuit was chosen to t the impedance plot (the inset of Fig. 2 ). Here, R s represents ohmic resistance of electrolyte solution, CPE is the constant phase element, which was inuenced by the roughness and adsorption of the electrode surfaces, and W is the Warburg resistance resulted from semi-innite diffusion.
As seen from Fig. 2 , the order of the semicircle diameters of the different modied electrodes was described as rGO/GCE (b) > PEDT-Au/GCE (c) > PEDT-Au/rGO/GCE (d), which presented the R ct was rGO/GCE (b) > PEDT-Au/GCE (c) > PEDT-Au/rGO/ GCE (d) and the electron transfer ability was PEDT-Au/rGO/ GCE (d) > PEDT-Au/GCE (c) > rGO/GCE (b). As showed, the PEDT-Au/rGO nanocomposites modied electrode demonstrated the smallest semicircle, and the R ct was estimated to be 23.88 U, revealing the lowest electron transfer resistance on the PEDT-Au/rGO/GCE. In addition, the R ct of PEDT-Au/rGO/GCE was much lower than that obtained for PEDT-Au/GCE (69.48 U) and rGO/GCE (204.8 U), attributed to the accelerating of electron transfer by PEDT-Au nanoparticles and rGO layers. These results indicated that both PEDT-Au nanoparticles and rGO layers were excellent electron conductive materials and greatly facilitated the electron transfer process.
Optimization of SWV parameters for morin determination
SWV method was used to investigate the electrocatalytic performance for morin determination recorded on PEDT-Au/rGO/GCE. The effects of SWV parameters on the peak current towards 100 mmol dm À3 morin in BR buffer solution (pH ¼ 6.0) were studied to obtain optimal values. When the SWV frequency was varied from 5 Hz to 100 Hz, the peak current increased with frequency and reached a maximum at 20 Hz, thus, the frequency of 20 Hz was chosen for subsequent measurements. The pulse amplitude from 10 mV to 100 mV was evaluated. The highest peak current was obtained at pulse amplitude of 25 mV. The effect of the scan increment (1.0-10.0 mV) was also investigated, and the maximum peak current was observed at a scan increment of 4.0 mV. Overall, the optimal experimental parameters were summarized to be 20 Hz for frequency, 25 mV for pulse amplitude and 4.0 mV for scan increment. These experimental parameters were selected for subsequent experiments.
Electrochemical behavior of PEDT-Au/rGO/GCE
The electrochemical performances of bare GCE (a), rGO/GCE (b), PEDT-Au/GCE (c) and PEDT-Au/rGO/GCE (d) were monitored via CV and SWV in a BR buffer solution (pH ¼ 6.0) in the presence ( Fig. 3B and C) and absence (Fig. 3A) of 100 mmol dm À3 morin. In the absence of morin, there was no any oxidation peaks occurred on the above electrodes. In addition, the background currents on the modied electrodes are larger than those on the bare GCE ( Fig. 3A curve a) , especially, PEDT-Au/ GCE (Fig. 3A curve c) and PEDT-Au/rGO/GCE (Fig. 3A curve d) presented signicantly larger background currents. The phenomenon might be due to the good capacitive performance of PEDT. 33, 35 This is also why we choose SWV but not CV to investigate the sensor performance below. Upon addition of 100 mmol dm À3 morin, an obvious irreversible oxidation peak appeared at the all electrodes, conrming the morin-based process. Compared to bare GCE ( Fig. 3B curve a) , both rGO/ GCE (Fig. 3B curve b) and PEDT-Au/GCE (Fig. 3B curve c) exhibited higher oxidation peak current. However, the oxidation peak current of morin at PEDT-Au/rGO/GCE (Fig. 3B curve d) was the highest and was about six-fold larger than bare GCE, which indicated that the PEDT-Au/rGO nanocomposites enhanced the electrocatalytic activity of morin aer composited PEDT-Au with rGO together due to the large specic surface area and high conductivity of the nanocomposites. Moreover, the background-subtracted SWV (Fig. 3C) , possessing highly sensitivity, was in accordance with the previous results concluded by CV. Therefore, this observation demonstrated that PEDT-Au/rGO/GCE exhibited superior electrocatalytic activity toward morin oxidation.
Scan rate effect of the morin determination
As showed in Fig. 4 , the oxidation peak currents of 100 mmol dm À3 morin obtained at the PEDT-Au/rGO/GCE by CV showed . This result indicated that the oxidation process of morin was typical absorption controlled electrochemical process. 17 For an irreversible absorption system, the number of electron transferred (n) can be calculated based on the Laviron formula of eqn (1):
where Q is equal to the peak area, F is the Faraday's constant, v is the scan rate, R is the molar constant and T is the experimental temperature. According to the linear regression equation between the peak current (I pa ) and scan rate (v), the slope is utilized to calculate electron transferred number. Hence, n was calculated to be 1.083, indicating that one electron transfer occurred, which was in good agreement with that in the previous literature.
9,17,47
Effects of accumulation time and accumulation potential
With regard to typical absorption controlled electrochemical process, it is necessary to investigate the effects of accumulation time and accumulation potential. As showed in Fig. 5A , the oxidation peak current by SWV increased gradually with the accumulation time, reached the maximum at 40 seconds (accumulation potential was À0.2 V). It indicated the accumulation time of 40 seconds was sufficient to reach the saturation of surface catalysis active sites of PEDT-Au/rGO/GCE. Thus, an accumulation time of 40 seconds was chosen in further experiences. We also studied the effect of the accumulation potential on the oxidation peak current of morin with the optimal accumulation time. As showed in Fig. 5B , the oxidation peak current increased gradually with the accumulation potential and reached the maximum when the accumulation potential was À0.2 V. Therefore, an accumulation potential of À0.2 V was employed in the following experiences.
Optimization of pH
The pH effect on electrochemical performance of morin at the PEDT-Au/rGO/GCE was investigated in BR buffer solution with the pH ranging from 3.0 to 9.0. As illustrated in Fig. 6 , the oxidation peak potential of morin shied negatively when the pH varied from 3.0 to 9.0. In particular, from the inset B in Fig. 6 , linear relationship between the oxidation peak potential and the pH was expressed as: E pa (V) ¼ À0.05971 pH + 0.5771 (r ¼ 0.9975). According to eqn (2):
where m and n represent the numbers of the proton and electron transferred, respectively. From the slope of the E p -pH plot, the m/n value in this system was calculated to be 1.009, indicating that the numbers of proton and electron transferred were equal in the oxidation of morin. With the consequence discussed above, we can draw a conclusion that the oxidation of morin involving one proton and one electron transfer. The supposed reaction mechanism of morin can be concluded as Scheme 1. 9,17,47 Furthermore, the inset A in Fig. 6 revealed that the oxidation response for morin was most sensitive at pH of 6.0, hence, pH 6.0 was chosen as an optimum electrolyte condition for subsequent quantitative analysis.
The determination of morin under optimal conditions
The quantitative determination of morin at the PEDT-Au/rGO/ GCE under optimal conditions was achieved by SWV (Fig. 7) . As it can be seen, the oxidation peak currents of morin increased with concentrations varied from 1 to 150 mmol dm À3 .
The determination ranges of morin were obtained as , NH 4 + and Ac À ), and 50-fold concentrations of organic species (glucose, maltose, sucrose, ascorbic acid and dopamine) were used to evaluate by SWV. We found that the inuences of possible interfering substances on the determination of morin can be negligible (Table S1 , ESI †). Furthermore, in Fig. S1 , † interferences resulted from 10-fold concentrations of avonoids compounds (quercetin, rutin, myricitrin and diosmetin, signal change below 10%) were negligible. In addition, the stability of the as-prepared morin sensor is another important factor. The oxidation peak current of morin remained 92.42 AE 0.91% of its initial value when the PEDT-Au/ rGO/GCE was stored at 5 C in a refrigerator for four weeks (Fig. S2, ESI †) . Besides, the reproducibility of the morin sensor was proved by using six identically fabricated PEDT-Au/rGO/ GCEs with a satisfactory relative standard deviation (RSD) of 3.54 AE 0.41% (Fig. S3 , ESI †). Therefore, with excellent selectivity, stability and reproducibility, the PEDT-Au/rGO/GCE is promising for morin determination.
Determination in real samples
As a polyphenolic antioxidant, morin has been clinically used for anti-viral medications. In order to evaluate the application potential of the PEDT-Au/rGO/GCE for determination of morin
The proposed electrocatalytical reaction mechanism of morin occurring on the surface of the PEDT-Au/rGO/GCE. in real sample, human serum samples were used for quantitative determination by the standard-addition technique. Three parallel experiments were performed on all measurements by SWV. As shown in Table 2 , the average recoveries from the human serum samples were obtained between 96.16% and 101.28%, and the RSD value was below 5%. Therefore, the PEDT-Au/rGO/GCE is suitable for the quantitative determination of morin in real samples.
Conclusions
In summary, a high performance PEDT-Au/rGO/GCE sensor for morin detection was fabricated based on a facile synthesis of PEDT-Au/rGO nanocomposites. The as-prepared PEDT-Au/ rGO/GCE showed much better performances towards morin detection when compared with bare GCE, rGO/GCE and PEDTAu/GCE, which could be attributed to the synergistic catalytic effect of the catalytic active sites of PEDT-Au and high specic surface area of rGO. Due to its larger capacitance, SWV was chose to evaluate the electrocatalytic activity, sensitivity, selectivity and reproducibility of the as fabricated PEDT-Au/rGO/ GCE for morin detection. Under the optimized conditions, PEDT-Au/rGO/GCE exhibited a wide linear detection range of 1 to 150 mmol dm À3 and a low detection limit of 0.0083 mmol dm À3 for morin. Moreover, this work may provide a facile and effective analysis approach for determination of morin in real pharmaceutical and biological samples.
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